The field of engineering has made substantial strides in nanotechnology, in the realm of materials science and construction of nanoscale devices. Nanomedicine encompasses application of cutting edge engineered nanostructures to biological systems and development of novel strategies for disease intervention. In the current review, we discuss the pharmacological application of nanoparticles as free radical scavengers and the capacity of nanoparticles to promote cell and organismal longevity.
Introduction & Overview
The birth of nanoscience arose over 45 years ago, in a lecture given by the physicist Richard Feynman in 1959 (1) . To quote Feynman, "At the atomic level, we have new kinds of forces and new kinds of possibilities, new kinds of effects…" that we are just beginning to appreciate as a new frontier in medicine. Traditionally, medical science has followed what Feynman and other physicists have termed the "top down" approach, by focusing research on progressively smaller units of the whole and dissecting life down to smaller and smaller components. Nanoscience challenges us to move in a different direction when confronting biomedical problems, that being from the "bottom up" -in that we progressively construct elements of the whole from its initial atomic and molecular building blocks. Hence, nanotechnology encompasses the process of manipulating materials on an atomic scale, at dimensions in the nanometer and sub-nanometer range.
The field of engineering has made substantial advances in nanotechnology, particularly in materials science and in the molecular construction of nanoscale devices. Nanomedicine implies application of the engineering concepts of nanotechnology to biological systems (2), providing novel opportunities to improve biological function or intervene in the pathology of disease. The present review will discuss the applications of nanotechnological advances in the treatment of a physiological process common to us all -that being aging and age-related disorders. We will begin with a brief discussion of the chemistry and physics of nanoparticles in general, followed by a brief review of free radicals and their involvement in the aging process. Finally, we will discuss the chemistry of cerium oxide nanoparticles and review the role of cerium oxide and other nanoparticles as potential candidates for free radical scavengers and promoters of longevity. the chemical, physical, and biological world. Moving medicine into the realm of nanomedicine requires us to think in terms of atoms and atomic events, outside the conventional pharmacological principles of adsorption, distribution, metabolism, and excretion of our well-known macro-sized systems. Conversion of a substance to a nanoparticle endows it with new properties, such as enhanced mechanical, electrical, optical, catalytic, or biological activity. Hence, nanoscale structures often behave quite differently from their micro and macro sized counterparts. Small size confers the property of a large surface area, in which surface atoms or molecules play the dominant role in chemical reactions. In many cases, our concepts of "dose" can be more adequately addressed, at the nanoscale, in measurement of surface area delivered and particle size (3). Increased surface area and minute size also implies different spacing and arrangement of surface atoms, and unique interactions of those atoms with cellular components, in a manner distinctly different from traditional pharmacology. Additionally, we must consider that many nanoscale constructs may act as nano-machines, rather than drugs per se. Thus, the chemistry of the small suggests that we, as biomedical scientists, must adapt our thinking to incorporate novel interactions not previously perceived possible.
Free Radicals & Aging
The traditional chemistry and biology of free radical actions have been reviewed extensively (4-8). Briefly, free radicals are unstable and highly reactive compounds, containing one or more unpaired electrons, thus, lacking the full complement necessary for molecular stability. When generated intracellularly as a consequence of normal metabolism or pathological states, free radicals can strip electrons from cellular macromolecules, rendering them dysfunctional. Free radical species produced within the cell include superoxide (O 2 -), the hydroxyl radical (OH•), nitric oxide (NO), peroxynitrite (ONOO -), lipid hydroperoxides, and others. Importantly, many free radical reactions in the cell may be self propagating (9). In hydrophobic areas such as the plasma membrane, chain reactions of free radical-mediated lipid peroxidation can damage membrane structure and induce cell death (7-10).
Free radicals arise from many sources within the cell. Mitochondria are considered to be one of the most active sites of free radical production, giving rise to superoxide radicals during the passage of electrons through the electron transport chain (8, 11) . Free radicals are also formed at sites of inflammation, released by neutrophils and macrophages to destroy invading bacteria (12). Free radical production is also a by-product of certain enzymatic reactions. The cyclooxygenase enzyme for example, produces free radicals during prostaglandin synthesis (13). NAPDH oxidase and xanthine/xanthine oxidase are also intracellular enzyme sys-tems associated with generation of free radicals (8, 9) . To summarize, free radicals are produced in abundance at many stages in the lifespan of a typical cell.
Healthy cells are normally able to ameliorate the damaging effects of free radicals via innate, natural enzymatic, and molecular mechanisms. Superoxide dismutase (SOD), an enzyme whose isoforms are abundant in mitochondria, cytoplasm, and the extracellular space, catalyzes the conversion of the superoxide radical to H 2 O 2 + O 2 . Although H 2 O 2 may be damaging to biological systems, catalase converts H 2 O 2 to O 2 + 2 H 2 O, thereby ameliorating damaging effects. Other reductants that ameliorate cellular free radicals include Vitamin E, ascorbate, carotenes, melatonin, and lipoic acid derivatives, and are the subject of many recent reviews (14-16).
In some cases, production of free radicals in low amounts is necessary for normal cell function. An example of this would be NO, which is necessary for normal signal transduction pathways in the vasculature and neurotransmission in the brain (8-10). Cellular difficulties arise when the production of free radicals exceeds the capacities of cellular defense mechanisms or when cell defense mechanisms are compromised by aging and other pathological states. This burden of excess free radicals imposed upon a cell with age or disease is termed oxidative stress. For example, NO is an important neurotransmitter. However when produced in overabundance or in the presence of hydroxyl radicals, oxidative stress can be imposed upon the brain and formation of the damaging peroxynitrite radical (ONOO-) ensues under these conditions. Peroxynitrite can induce lipid peroxidation and nitration of protein tyrosine residues (17). Tyrosine nitration inhibits phosphorylation of tyrosine residues in proteins and is an important signaling mechanism in cellular growth and differentiation. Other free radicals may catalyze formation of carbonyl groups on proteins, which can interfere with tertiary conformation and inhibit or reduce their function, or induce oxidative damage to .
Within the cell, there is a balance between the rate of free radical production and the capacity of cellular defense mechanisms to mitigate free radical damage. When cellular mitigating systems are compromised, high levels of oxidative stress may cause extensive cell damage. Cellular pathologies associated with free radicals include lysosome and proteasome dysfunction leading to cell death (21), loss of signaling cascades mediated by phosphorylation (18, 22) , oxidation of DNA bases and a myriad of other forms of DNA damage (32), destruction of the membrane lipid environment (8, 15), loss of vascular tone and responsivity (5, 9) , aberrant neurotransmission (8), mitochondrial dysfunction (6, 7), and initiation of cell death pathways. A multitude of disease pathologies associated with aging implicate free radicals in tissue damage, including Alzheimer's disease, inflammatory disorders, Parkinson's disease, diabetes, atherosclerosis, hypertension, and mechanical injury, which are the subject of numerous works (6-10). As in the case of Alzheimer's disease, free radical production is often not the ultimate causative factor, but is a byproduct of cellular malfunction. Aberrant free radical production by damaged cells can lead to destruction of uninjured "bystander" tissue either directly or via the inflammatory response. In Alzheimer's disease, excessive free radical production in damaged neurons and inflammatory activation of microglia leads to free radical injury of healthy, neighboring cells. Similar pathologies have been associated with atherosclerosis, arthritis, and other inflammatory disorders that are prevalent in aging organisms (23, 24).
As described by Harman (25, 26) , aging began with the origin of life, and represents the accumulation of diverse deleterious changes in cells and tissues that increase the risk of disease and death. Although there are several theories on aging, the "Free Radical Theory of Aging" appears to have the most biochemical support (25, 26) . According to this theory, aging is associated with accumulation of macromolecular free radical damage to lipid membranes, mitochondria, protein, and DNA, which promotes cell dysfunction and death. Several lines of evidence support this hypothesis and are the subject of several reviews (8, 27).
Quality of life, not only life span, is important in the aging process. Once again, the free radical hypothesis maintains that free radical production is associated with cognitive deficits, neuronal dysfunction, atherosclerotic conditions, cancer, and inflammatory conditions associated with aging. Several reviews (8, 28, 29) , suggest that free radical scavengers may be useful therapeutic adjuncts in treatment and prevention of age-associated disorders, thereby improving the quality of life. Neural tissue has the highest ATP and oxygen utilization of all the organs in the body. It follows that neural tissue is therefore exposed to some of the highest levels of oxidative stress in neurodegenerative diseases and aging. Free radical scavengers show promise as neuroprotectants in the injured and aging brain. However to date, they have only met with limited success in increasing life span and reducing the prevalence of age related disorders. Work with cerium oxide and other nanoparticles suggests that nanoparticles may provide an avenue for improvement in the decline in function and tissue damage associated with the aging process, in part by virtue of their redox activities. However there is still much work that needs to be done in this emerging field.
What is Cerium Oxide?
Although we know much about cerium oxide on a macro to micro scale, very little is known about nanoscale cerium structures from the biological perspective. Cerium is a rare earth element of the lanthanide series, having a fluorite lattice structure. Lanthanides exist in the earth's crust at about 100 ppm, with cerium comprising approximately 24 ppm (30). However, cerium has several unique properties among the rare earths, established by examining microcrystalline cerium oxide structures (31). First, cerium has two partially filled subshells of electrons, 4f and 5d, with 14 excited sub-states of cerium predicted (32). The cerium atom can exist in either the +3 (fully reduced) or +4 (fully oxidized) state, and may flip-flop between the two in a redox reaction (31, 32) . Both the cerium oxide crystal lattice size and the bond length change when alterations in redox state occur. It is hypothesized that cerium oxides make excellent oxygen buffers, because of their high redox capacity (31). In addition to alterations in cerium redox state, cerium oxide also exhibits oxygen vacancies, or defects, in the lattice structure, by loss of oxygen and/or its electrons (33). Formation of each defect removes a subgroup of ions from the lattice structure. Thus, creation and annihilation of oxygen vacancies may occur in the cerium oxide lattice, improving redox capacity even further.
The valence and defect structure of cerium oxide is dynamic and may change spontaneously or in response to physical parameters such as temperature, pH, presence of other ions, and oxygen partial pressure (pO 2 ) (34, 35). As its structure suggests, cerium oxide particles readily participate in redox reactions. In material science, several groups have examined the use of cerium oxide particles as metal coatings to reduce oxidation and as a coating for catalytic converters, to enhance oxidation of carbon monoxide and hydrocarbons, and reduce nitrogen oxide emissions from combustion of fossil fuels. A primary role of cerium oxide under these conditions is to act as an oxygen storage and release component in the oxidation of fossil fuels (34).
The chemical reactions of cerium oxide have been reviewed (30-33). These include oxygen atom transfer and absorption, oxidation of unsaturated hydrocarbons, electron transfer to hydrocarbon radicals, high catalytic activity in redox reactions, and reduction of NO. Thus, the chemistry of cerium oxide suggests a possible role as a biological free radical scavenger, or antioxidant.
At the nanometer scale, the atomic and molecular properties of materials change in ways that we are just beginning to comprehend. The chemical behavior of cerium oxide and other nanoparticles may reflect the chemical properties of its macromolecular structure to some extent, but altered characteristics are likely at the nanoscale. For example, Raman spectra of cerium oxide nanoparticles are very different from microparticles (35). In the macro state, the physical properties of cerium oxides are regulated by intrinsic effects, such as changes in lattice energy and discrete energy state, or by extrinsic effects such as unsaturated bonding of the surface atoms. At the nanoscale, intrinsic effects are maximized (35, 36) . Several groups report that nanocrystalline cerium oxide shows enhanced electrical conductivity as grain size decreases below 100 nm, due to a decrease in the enthalpy of oxygen defect formation. Thus, oxygen vacancies, and their potential for detoxifying free radicals, are likely to form more readily at the nanoscale. Additionally, at the nanoscale, the surface area of cerium oxide particles (grain boundary) is dramatically increased, so greater oxygen exchange and redox reactions may occur (36). It is precisely these proposed alterations in cerium oxide nanoparticles that we hypothesize to be related to their cellular biological effects. However, in the field of materials science, most work is conducted at extremely elevated temperatures and pressures, not usually encountered in the biological realm. Thus, the chemical properties of cerium oxide and other nanoparticles under physiologically relevant parameters is an area where much additional investigation is needed.
Biological Effects of Cerium Oxide
There are very few reports regarding the biological effects of cerium oxide to date. Most information on cerium arises from the use of the chloride or nitrate form, rather than the nanoparticles oxide. In China, cerium chlorides and nitrates are used in fertilizers, to increase harvest (37). Aged rice seed treated with cerium nitrate showed an enhanced respiratory rate and increased activities of superoxide dismutase, catalase, and peroxidase; enzymes associated with reduction of oxidative stress and free radicals (37). Cerium has been found in humans and other animals, with amounts varying from several parts per billion to parts per million. In a feeding study conducted in pigs, feed containing rare earth elements (38% La, 52% Ce, 10% other) increased weight gain and feed conversion ratios (38) . No negative health effects were observed. Serum cholesterol, triglycerides, total protein, albumin, and ionic composition were normal and concentration of rare earths in the tissues was below 52 µg/kg dry weight. Cerium nitrate has been used in treatment of burns, and dramatically improved the outcome of burn patients (39). Improved outcome was associated with a reduction in the systemic inflammatory response observed in burn victims. Rare earths in general were found to have potent anti-atherosclerotic, anti-arthritic, and anti-inflammatory activity (30), which we have also observed in brain microglia (51). Histologically, the chloride form of cerium has been used to identify subcellular sites of free radical (superoxide, H 2 O 2 ) production (40). However once again, the bulk of this work was done with micro-macro sized cerium nitrates and chlorides. Nonetheless, these reports hint at a possible role for cerium oxide nanoparticles as free radical scavengers.
Cerium Oxide Nanoparticles and Cell Longevity
My lab's work with cerium oxide nanoparticles and longevity began as a somewhat serendipitous discovery. Our original intent was to use the nanoparticles as vehicles to couple to enzymes, for tissue delivery. Naturally, the initial experiment was to deliver the particles to organotypic brain cell cultures, and examine morphological alterations and viability. Deeming this a relatively simplistic experiment, the project was given to a student for the initial trial. Months after initiating the experiment, I found the student's mixed brain cell cultures still in the incubator -which was deemed a rather neglectful action -wasting time, energy, and much needed funds on cell cultures which have a life span of not more than 26-30 days. After chastising the student, I was told that the control cultures had long departed, but the nanoparticle treated cultures were very much viable. This was followed by further chastising, suggesting that surely the student was not using the microscope properly, and perhaps had something other than a mixed brain cell culture in focus. The upshot was, and remains, a lengthy apology to said student (David Bailey) since the brain cell cultures were not only viable but actively signaling (as measured by high speed microspectrophotometry for calcium signaling) as robustly as freshly prepared cultures.
After innumerable experiments, we found that cerium oxide nanoparticles, of less than 20 nm in size, prolong the life of mixed brain cell cultures, and the neurons within these cultures, for periods of up to 6-8 months (41, 42) . Nanoparticles utilized in these experiments are commercially available from Nanophase Inc. (Romeoville, Illinois) and Advanced Powder Technology (Welshpool, Western Australia) and are of the average size of 10 nm. No increases in longevity were observed with particles greater than 20 nm. Our brain cell cultures are prepared from the cortices of neonatal rats as previously described (43-47), and contain a mixture of all relevant cell types in the brain, including astrocytes, neurons, microglia, and some oligodendrocytes. Cultures are maintained in Dulbecco's modified essential medium supplemented with 4.5 g/L glucose, 10% fetal bovine serum, 2 mM L-glutamine, and penicillin/streptomycin (100 U/ml; 100 µg/ml, respectively). Cultures underwent medium changes three times weekly. We have studied calcium signaling in these cultures extensively, and have utilized them in numerous studies using an in vitro model for head injury (43-47). In our hands, these cultures remain healthy and viable, with spontaneous calcium oscillations in neurons, normal basal intracellular free calcium ([Ca 2+ ] i ) levels, and normal ranges of glutamate signaling, for 22-30 days, and are generally utilized for experiments on days 12-20. Figure 1A shows a typical culture on day 27 in vitro, near the end of culture life. Note the scarcity of neurons and lack of astrocyte monolayer in the background. Figure 1B shows an agematched control culture that was treated with a single dose of 10 nm cerium oxide nanoparticles on day 10 in vitro. In these experiments, nanoparticle solutions were sonicated in normal saline and 10 µl of a stock 1 µM solution was added to 1 ml of culture medium at the time of a medium change (for a final concentration of 10 nM), and remained in the cell cultures for 48 hrs (until the next medium change). Note the abundance of neurons with robust processes and the confluent astrocyte monolayer in the background. Figure 1C shows a culture treated with 10 nM cerium oxide nanoparticles on day 10 in vitro, however this culture is 123 days old, yet looks quite healthy with numerous neurons and a robust astrocyte monolayer. The maximum culture lifespan observed thus far has been 240 days. We further examined [Ca 2+ ] i homeostasis in these aged cultures using high speed Fura-2 microspectrophotometry and imaging (41, 42) . Aged neurons retained basal [Ca 2+ ] i levels similar to their younger counterparts, and the frequency and amplitude of spontaneous neuronal calcium oscillations in these aged neurons were also comparable to younger controls (41, 42) . Representative spectrophotometric tracings from these experiments are shown in Figure 2 .
Therefore, cultures treated with a single 10 nM dose of cerium oxide nanoparticles, delivered to the tissue culture medium, maintained the morphological and biochemical characteristics of young healthy cultures for time periods up to 6-8 months. Micro-macro sized bulk cerium oxide particles, and nitrates and chlorides of cerium, were without effect on culture lifespan. Other rare earth oxide nanoparticles were also examined, including ruthenium, titanium, preceodymium, and lanthanum oxides, which were also without effect.
An obvious question that arises is whether the cultures are being maintained by mitotic division in nano-treated cultures. In our organotypic brain cell cultures, astrocytes divide somewhat the first several days in vitro, to form a confluent monolayer with dissociated neurons attached on top of them. Once confluent on the bottom of the well, astrocytes cease dividing. The neurons present are fully differentiated cells, incapable of mitotic division. Hence, the effects of cerium oxide nanoparticles appear to be directly on cell longevity.
As discussed above, cerium oxide nanoparticles are used industrially in 3-way catalytic reactions for automotive exhaust, functioning as redox reagents. At the cellular
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Technology (41, 42) , and radiation injury (Rzigalinski et al., unpublished results) , all of which are known to induce cell death and dysfunction via free radical generation. Based on their ability to protect cells from free radical mediated injury and based on the known chemical activities of cerium oxide nanoparticles, we suggest that cerium oxide nanoparticles are acting in a redox capacity within the cells. Additionally, we have previously demonstrated that neuronal death associated with in vitro trauma was due, in part, to generation of free radicals (48, 49) . A single dose of cerium oxide nanoparticles delivered on day 10 in vitro or up to 3 h post trauma was capable of increasing neuronal survival at 48 h post injury in excess of 50% (50, 51). This reduction in neuronal death appeared to be due, at least in part, to reduction of inflammatory properties in brain microglia induced by trauma (51), suggesting that cerium oxide nanoparticles may also have potent anti-inflammatory capabilities.
All the cellular effects discussed above were observed with a single 10 nM dose of cerium oxide nanoparticles, delivered on day 10 in vitro. Hence one dose was able to provide dramatically enhanced longevity and protection against radical insult. These observations suggest that cerium oxide nanoparticles may be capable of regenerating their anti-oxidant properties after each radical interaction. If we examine the known chemistry of cerium oxide nanoparticles, there appears to be evidence for this regenerative action. In materials science, it is well-known that cerium oxide nanoparticles undergo easy, fast, reversible reduction to substochiometric phases and can readily take up and release oxygen, alternating between CeO 2 and CeO 2-x (30, 33, 35) . Thus, it is quite different from redox cycling transition metals such as iron in that it can readily counteract free radicals, yet is unlikely to generate free radicals itself. Cerium oxide nanoparticles undergo redox reactions in sequential steps. First, dissociation of adsorbed H occurs, with formation of OH groups on the surface and a concomitant reduction of Ce +4 to Ce +3 . Next, this change in cerium valence alters the lattice structure creating oxygen anion vacancies as the lattice expands (52, 53). Thus, electron "shuffling" occurs in the lattice making redox potential available for free radical scavenging. Finally, after the scavenging event, the original lattice structure is regenerated by H 2 O and cerium is regenerated to the +4 state (54). However, two properties make the nano form of cerium oxide a far more efficient redox reagent than micro-macro counterparts. First, the lattice structure of the nano form has dramatically increased surface area, increasing the available sites for electron shuttling in a radical scavenging event. Second, nano cerium oxide is capable of accomplishing this redox behavior at far lower temperatures than its macro sized counterparts, allowing for fast cycling in the biological milieu (53, 54) .
Thus, we hypothesize that cerium oxide nanoparticles act intracellularly as regenerative free radical scavengers, thereby enhancing functional neuronal longevity. However, do the nanoparticles actually get into the cell? Electron microscopic analysis of nanoparticle-dosed cultures suggests that in fact they do (41). Particles were observed in the bulk cytoplasm, at cell boundaries, and near and within mitochondria, a site hypothesized to generate numerous free radicals. Other groups have demonstrated that nanoparticles of varying composition also enter the intracellular environment, through numerous mechanisms including phagocytosis, endocytosis, and anterograde transport in neurons (55, 56) .
Can cerium oxide nanoparticles promote organismal longevity? These studies have just been initiated by our laboratory. Preliminary results in the fruit fly, Drosophila melanogaster, suggest that mean, median, and maximum life span can indeed be enhanced by feeding cerium oxide nanoparticles. Further, the nanoparticles appear to confer resistance to free radical mediated death imposed by the herbicide paraquat (Rzigalinski et al., unpublished results) . So initial results appear promising at this level. However there remains much work to be done, including assessment of duration of feeding, time of administration during the lifespan, doses, and of course moving up to mammalian models.
What about other forms of nanoparticles? Have other longevity effects been detected? Experiments here are once again lacking, unfortunately. However considerable work has been done demonstrating that some forms of nanoparticles also act as free radical scavengers and can counteract the neuronal dysfunction associated with free radical-mediated neurodegenerative disorders. demonstrated that carboxyfullerene (the water soluble carboxylic acid derivative of fullerene) prolonged survival of adrenal chromaffin cells exposed to free radical-generating levodopa. demonstrated that carboxyfullerenes scavenge free radicals and reduce excitotoxic neuronal death induced by NMDA and amyloid beta peptide, suggesting a role in neuroprotection. Chronic infusion of carboxyfullerenes was shown to delay both functional deterioration and death in rats carrying the human mutant SOD gene responsible for amyotropic lateral sclerosis (60). Finally, carboxyfullerene prevented iron-induced oxidative injury in the nigrostriatal dopaminergic system of rats by suppressing free radical damage (61). Thus, evidence exists for nanoparticles of the carboxyfullerene class to act as neuroprotective agents. However, their role in promoting longevity remains to be explored.
Implications in Cancer
Increased incidence of cancer is observed with increasing age, and is considered to be one of the many age-related dis-orders. Increased DNA damage over the life span may contribute to the increased risk of cancer with age. This damage may be due, in part, to free radicals produced during the course of time or in quantities that exceed the repair capacity of the cell. Based on the radical scavenging capabilities of cerium oxide nanoparticles, the ability of these nanoparticles to reduce the incidence of cancer with age warrants further investigation. Additionally, we have also found that cerium oxide nanoparticles are potent radioprotective agents. Cultured rat cortical astrocytes exposed to 1, 3, and 5 gray doses of radiation exhibit 30, 85, and 98% mortality, respectively, within 48 hrs post dosing. Astrocytes treated with 10 nM cerium oxide nanoparticles one day prior to irradiation displayed a 40-70% reduction in cell death, as measured by uptake of Propidium iodide and release of lactate dehydrogenase (Rzigalinski et al., unpublished results) . These results suggest that cerium oxide nanoparticles may provide a pharmacological therapy for reduction in normal bystander cell injury after radiation therapy. Alternatively, unless specifically delivered to non-malignant tissue, the nanoparticles may also promote enhanced survival of tumor cells.
Another as yet unaddressed variable is whether cerium oxide nanoparticles transform cells, which can also promote extension of cellular longevity. Hence, although neuronal cultures appear normal in terms of morphology and signaling, the issue of transformation will require further investigation. Nonetheless, this avenue of potential pharmacological therapy needs to be further examined.
Can Cerium Oxide Nanoparticles be the Long Sought Fountain of Ponce de Leon?
Much work remains to be done before this question can be addressed. In addition to the damaging qualities of free radicals, free radicals are also important in signal transduction as discussed above (7, 8, 62) . Satoh et al. (63) have shown that fullerene nanoparticles interfere with NO-mediated vasodilation and may have deleterious effects on the vasculature. However these effects appear to be lessened by carboxyl derivitization of carboxyfullerenes. In the case of cerium oxide, the vasoactive actions of NO may also be rendered non-functional at certain concentrations, and the possibility exists for disruption of the normal vascular response in vivo. Other cellular signaling systems have also been shown to be regulated by free radical production. Protein tyrosine phosphatases are inactivated by reversible oxidation (62) making free radicals key to regulation of many signal transduction pathways. The question arises as to how much free radical scavenging is too much, and at which point may these highly efficient nanoparticle scavengers interfere with normal cell function.
An additional quandary arises when one considers the protection against free radical scavenging by cerium oxide nanoparticles. If resistance to radical damage is conferred to normal cells by these nanoparticles, might not cancerous cells or dysfunctional cells destined for apoptosis also receive a degree of protection when cerium oxide nanoparticles are delivered? Thus, at the time of delivery, any cancerous or pre-cancerous cells would also be longevityenhanced and free radical resistant, to a degree. This might potentially abrogate the tumor-killing effects of radiation therapy or chemotherapy, both of which may act through free radical-mediated cell killing. These avenues remain to be explored before the full medicinal capabilities of nanoparticles can be put to use.
Yet another unexplored avenue lays in the toxicology of cerium oxide and other nanoparticles. There are presently only scant reports on the effects of nanoparticles in general on cell or organism metabolism and function. Many types of nanoparticles, particularly underivitized fullerenes, have the capacity to induce cellular damage by generation of free radicals (64, 65). Thus, although highly promising as potential delivery agents for pharmaceuticals, fullerenes may possess significant toxicity to cells and tissues. One intriguing possibility is that the free radical generating toxicities of nanoparticles such as fullerenes, may be counteracted by incorporation of cerium oxide nanoparticles into the carbon matrix.
Summary
Nanomedicine encompasses a new frontier in potential therapy for aging and age related disorders, particularly from the standpoint of free radical mediated damage to cellular macromolecules. Free radical scavengers have been utilized in many paradigms to mediate free radical damage and improve pathologies associated with aging. However, their success has been limited at best. Cerium oxide, and possibly other nanoparticles, due to their chemical and physical structure, may be uniquely potent free radical scavengers. Their electron structure is similar to chemical spin traps such as nitrosone compounds, currently being tested as biological antioxidants. However, one cerium oxide nanoparticle may offer many sites of "spin trap" activity and free radical scavenging ability, where current pharmacological agents offer only a few per molecule. Additionally, the electron defects in cerium nanoparticles are not destroyed after their initial reaction with a free radical and possess the potential for regeneration of active radical scavenging sites. Based on our existing data we hypothesize that cerium oxide nanoparticles promote longevity via regenerative protection against free radical associated cellular damage. Of course, we are quite a ways away from suggesting that cerium oxide nanoparticles be consumed as the ultimate anti-aging pill, particularly since toxicological issues have not been addressed. However the present knowledge clearly demonstrates that the field of nanotechnology shows promise in the treatment of aging and age-related disorders. In this manner, nanotechnology, with its nanomedical applications, may serve a role in future pharmacotherapy.
